Previous experimental investigations [Shang, F., Kitamura, T., Hirakata, H., Kanno, I., Kotera, H., Terada, K., 2005. Experimental and theoretical investigations of delamination at free edge of interface between piezoelectric thin films on a substrate. International Journal of Solids and Structures 42 (5-6) [1729][1730][1731][1732][1733][1734][1735][1736][1737][1738][1739][1740][1741] have demonstrated that multilayered Cr/PZT/PLT/Pt/Ti thin films deposited on single-crystal silicon substrates are delaminated along the interface between Cr and PZT layers in a brittle manner. This study starts with a model based on the cohesive zone concept and carries out numerical simulations to check the fracture behavior of this interfacial delamination. Three types of cohesive zone models (CZMs) are adopted, including the exponential, bilinear, and trapezoidal models. Characteristic CZM parameters are extracted through comparisons with experimental results. The simulation results show that (i) cohesive strength and work of separation are the dominating parameters in the CZMs; (ii) the bilinear CZM more suitably describes this brittle interfacial delamination; and (iii) in comparison with typical several mm-thick film/coating materials, the fracture energy of this weak Cr/PZT interface is quite low. Our study demonstrates the applicability of CZM in characterizing the interface fracture behavior of film materials with micrometer thicknesses.
Introduction
Many functional devices using piezoelectric thin films are made from multi-layered thin films of different materials with many interfaces; however, these bi-material interfaces frequently delaminate during processing. Delamination occurs especially at the free edge of thin films because of stress concentration due to the mismatch of deformation, leading to failure of these devices (Evans and Hutchinson, 1995; Kong and En, 2006) . Therefore, it is very important to evaluate the interface strength between thin film layers on a substrate.
In previous experimental tests (Shang et al., 2005) , Pb(Zr 0.53 , Ti 0.47 )O 3 (PZT) thin films were deposited by sputtering different metal or ceramic layers onto a single-crystal silicon substrate. A final sequence of six film layers, Cr/PZT/PLT/Pt/Ti/Si, was obtained for all of the tested specimens. A series of sandwiched-cantilevertype specimens were tested in the experimental setup schematically depicted in Fig. 1 . The load, P, was applied over the left edge of the cantilever using a SHIMAZU micro-material testing system, MCTE-500. The experimental results show that: (1) the obtained load-displacement curves of the specimens are almost linear up to delamination, as shown in Fig. 2 ; (2) delamination initiates at the free edge of the interface between the Cr layer and PZT layer and propagates along the interface; and (3) fracture takes place abruptly after crack initiation, and the interface fails in a brittle manner with no noticeable plasticity.
The experimental results only provide the fracture loads of these specimens, which cannot be used to characterize the interfacial toughness of the thin films. Furthermore, the external work does not represent the interfacial fracture energy because the total work due to the external load is not only transformed into strain energy that is stored in the specimens, but is also expended in overcoming the resistance of crack initiation and propagation along the interface. Therefore, an unresolved issue is deciding which parameter should be used to evaluate the interfacial toughness of the thin films. This study aims to establish an appropriate mechanical model to simulate the interfacial delamination occurring in the previous experiments and extract the characteristic parameter that represents the interfacial toughness of the Cr/ PZT/PLT/Pt/Ti thin films.
There exist two points of view as to how to characterize and evaluate the mechanical properties associated with interfacial bonding in thin films (Yang et al., 2007) . From the point of view of stress, parameters such as interface bonding strengths (including tensile strength and shear strength), critical stress intensity factor, and energy release rate are widely used in the literature. The alternative point of view is based on the energy concept (Volinsky et al., 2002) . This usually provides two parameters, viz., interfacial toughness or interfacial fracture toughness, representing, respectively, the energy per unit area consumed during the entire process, from the initial deformation to the final fracture of interfaces, or the resistance to crack propagation for an interface with a pre-crack. For interfaces having simple geometries and specific bi-material combinations, the approach based on stress or stress intensity factor was proven to be rather effective and also convenient to implement (Akisanya and Meng, 2003) ; however, this type of approach has some deficiencies. First, the stress intensity parameters for delamination crack initiation of interface edges depend on specimen geometry. Therefore, the derived interfacial toughness parameter is also related to the specimen geometry. Second, the stress intensity parameter as the crack initiation toughness is different with the governing parameter of crack propagation along the interface both in dimensions and value, because the stress singularity order varies immediately after crack initiation (e.g., Akisanya and Meng, 2003; Shang et al., 2005) . Third, previous studies have shown that increasingly thinner films exhibit increasingly smaller stress intensity dominance zones (Becker et al., 1997) . In view of these deficiencies, the method based on the energy concept is more appropriate because it can at least be used to describe both crack initiation and crack propagation. The parameter that represents the interfacial bonding strength only depends on the intrinsic properties of the thin films, and does not depend on specimen geometry. The CZM in continuum mechanics is one of such methods. The CZM has been widely used to describe fracture and failure in metals, ceramics, polymers, and composite materials, and has successfully interpreted a variety of problems, such as crack tip plasticity and creep, crazing in polymers, and adhesively bonded joints and interface cracking in bi-materials (Wei and Hutchinson, 1997; Mohammed and Liechti, 2000; Chandra et al., 2002; Feraren and Jensen, 2004; Xu and Needleman, 1993; Geubelle and Baylor, 1998) .
In this work, three different types of CZMs, including bilinear, exponential, and trapezoidal, will be used to simulate the interface delamination of the multilayered Cr/PZT/PLT/Pt/Ti thin films on a silicon substrate discussed in the aforementioned experimental tests. The bonding strength of the Cr/PZT interface will be extracted and then discussed in detail.
Cohesive zone model
The cohesive zone model was originally used to describe the interaction between atoms or molecules. In the current literature, CZM is commonly regarded as a phenomenological model within a continuum mechanics framework. Historically, Barenblatt (1962) was one of the pioneers who developed CZMs to investigate the fracture behavior of perfectly brittle materials, in which the cohesive traction acting across the gap between two adjacent planes of dissimilar elastic materials represents atomic interaction. For cracks in a solid, a small atomic cohesive force zone was supposed to exist at the vicinity of the crack tip. Dugdale (1960) extended this concept to perfectly plastic materials by postulating the existence of a process zone at the crack tip. Within this zone, a simplified model for fracture problems was proposed by adopting a constitutive relation between cohesive traction and separation, otherwise known as the so-called cohesive law. Its essential features are the work per unit area required for separation of surfaces and the maximum cohesive traction that arises in the process (cohesive strength). The work of separation is the characteristic parameter of the interface, independent of specimen dimensions. The necessary driving force to effect interface delamination must overcome the work of separation plus the work of plastic deformation per unit area. Needleman (1987 Needleman ( , 1990 ) used polynomial and exponential types of cohesive laws to simulate particle debonding in metal matrices. Needleman (1993, 1994 ) adopted these models to study void nucleation at the interface between the particle and matrix, and the dynamic fracture growth at the bi-material interfaces. Tvergaard and Hutchinson (1992) proposed a trapezoidal type of CZM to determine crack growth resistance. Camacho and Ortiz (1996) utilized a linear type of CZM to simulate multiple cracking along arbitrary paths under impact damage in brittle materials. Geubelle and Baylor (1998) employed a bilinear CZM to simulate the crack initiation and propagation of transverse matrix cracks and delamination in a thin composite plate due to low-velocity impacts. The traction-separation relations for most of the CZMs are such that, with the increase of the interfacial separation, the traction across the interface initially increases and Fig. 1 . Schematics of the sandwiched cantilever specimen and loading system. Fig. 2 . Load-displacement curves of the sandwiched cantilever specimens. reaches a maximum, and then decreases and finally vanishes permitting a complete decohesion. These CZMs differ in the shape and the factors that describe the shape.
In this study, bilinear, exponential, and trapezoidal CZMs will be used to simulate the interfacial delamination of the PZT thin films occurring in the aforementioned sandwiched cantilever tests. These three CZMs are briefly introduced here.
Exponential CZM
For the exponential CZM, an interfacial potential is defined by
where q ¼ / t =/ n ; r ¼ D Ã n =d n ; / n and / t are the works of the normal and tangential separations, respectively; D n and D t are the normal and tangential displacement jumps, respectively; d n and d t are the normal and tangential interface characteristic length parameters; D Ã n is the value of D n after complete shear separation occurs under the condition of vanishing normal traction.
The relations between the traction across an interface and the potential are
Substituting Eq. (1) into Eq. (2) gives the interfacial tractions as follows: The works of normal and shear separations are related to the peak normal traction, r max , and the peak tangential traction, s max , respectively, / n ¼ r max d n expð1Þ;
With D t = 0, the normal traction-separation relation given by Eq. (3) is shown in Fig. 3 (a), while Fig. 3(b) shows the tangential traction-separation relation subject to D n = 0.
Bilinear CZM
The interfacial constitutive relations for the bilinear CZM are given by the following:
For e D n ¼ 0,
where r max and s max are the interface normal strength and tangential strength, respectively; D c n and D c t are the critical normal and tangential separations when complete separation occurs; e D n ; e D t , and e D are the non-dimensional normal, tangential, and total displacement jumps, respectively, and defined as
e D max is the corresponding value of e D n or e D t when the interface normal strength or tangential strength reaches its peak value (Fig. 7) . 
Trapezoidal CZM
The traction-separation relation used in the trapezoidal CZM is shown graphically in Fig. 5 . A single non-dimensional separation parameter is defined as
such that the tractions drop to zero when d = 1. d 
the normal and tangential tractions across the interface are given below as
The peak normal traction for pure normal separation is r max , while the peak tangential traction in pure tangential separation is 
Regardless of the combination of normal and tangential displacements, the above work of separation is taking place in the cohesive zone, thus this trapezoidal CZM is mode-independent. In this CZM, the governing parameters of the cohesive law are the work of fracture, C 0 ; the peak stress, r max ; and the critical displacement ratio, d c n =d c t , together with shape factors d 1 and d 2 ; however, some research has suggested that the details of the shape of the separation law are relatively unimportant, and the two most important parameters are C 0 and r max (e.g., Tvergaard and Hutchinson, 1992) .
FEM model and simulation method
The numerical simulations of the interfacial delamination occurring in the above sandwiched cantilever tests were carried out with the aid of the finite element method (FEM) in the commercial code ABAQUS. The Cr/PZT interface is defined as a thin layer obeying the constitutive relation of a CZM. Accordingly, the elements along the interface are defined as cohesive elements. The corresponding constitutive relation of a CZM, i.e., the traction-separation relation of cohesive law, is implemented through the user subroutine UEL of ABAQUS. Other parts of the model keep their own material properties. Based on the geometric shape of the specimens and loading conditions, the plane strain state is assumed for the corresponding problems in order to simplify the simulations. In the numerical model, the regions near the free edge of interface were carefully divided into fine meshes, with a smallest element size of approximately 150 nm. The typical finite element mesh of the D2 specimen used in the simulations is shown in Fig. 6 , which includes 2060 cohesive elements and 4120 nodes, plus 48,281 plane strain elements and 45,991 nodes.
Recalling the above constitutive relations of the three types of CZMs, the numerical simulations involved are non-linear in nature. Therefore, one critical issue is how to ensure the convergence of the calculation process. According to Gao and Bower (2004) , when applying cohesive elements in a simulation, an elastic snap-back instability arising from crack initiation induces the solution to quickly diverge from the equilibrium path. In order to overcome this difficulty, some modification is made to the CZM.
First, a small additional viscous dissipation, f (Gao and Bower, 2004 ) is introduced to the CZM. Taking the exponential CZM as an example, this technique is illustrated below. After the small viscous dissipation is introduced to the model, the constitutive relations become
where f n and f t are viscosity-like parameters governing the viscous energy dissipation under normal and tangential loadings, respectively. The intention of introducing the viscosity is not to model any physical energy dissipation process, but to regularize the instability when crack initiation occurs. Studies (Gao and Bower, 2004) have already shown that this method is very effective for cohesive zone modeling. In this work, all of the bilinear, trapezoidal, and exponential CZMs utilize this viscosity technique. Second, the region near the interface is carefully divided into fine meshes and the meshes take regular geometrical shapes. In addition to these, the incremental steps in the analysis are set small enough in order to ensure the convergence of the simulation process.
Results and discussion

Exponential CZM
The key parameters of the CZM include cohesive strength, work of separation, and the interface characteristic length parameter. A number of sets of these parameters are utilized in the simulation to best match the experimental results. Preliminary calculations reveal that the numerical results are less sensitive to the interface characteristic length parameter, d n , compared to the cohesive strength. For this reason, d n is set to 0.0015 lm in all of the simulations using the exponential CZM, and this choice of d n is able to ensure the convergence of the simulations as well. In contrast to d n , the cohesive strength has a prominent influence on the simulation results, as can be seen in Figs. 7 Fig. 7 , for example ''X24MPa," signify that the load-displacement curve is obtained with the exponential CZM at r max = 24 MPa, and so on. It is seen that, as the cohesive strength increases, the calculated curves become closer to the experimental curve. For the two cases of cohesive strength, r max = 24 and 26 MPa, and the calculated curves are close to the experimental curve except when approaching the final fracture point. For the r max = 28 MPa case, the calculated curve remains nearly straight during the entire loading process until the interface completely fractures, and is also very close to the experimental curve. Table 1 lists the calculated values of the displacements at the loading points for the three cases, together with the corresponding experimental data. From Table 1 and Fig. 7 , it is seen that r max = 28 MPa provides more accurate predictions of the displacements at loading point than the other cohesive strengths. Numerical simulations also reveal that, if r max exceeds 28 MPa, interface cracking will not initiate, even though the calculated curve would approach the experimental curve. Fig. 8 shows the influence of interface characteristic length parameters on the simulation results. For the cases of r max = 24 and 26 MPa, the displacement at the loading point initially increases and then decreases when d n is relatively small, but as d n exceeds 0.003 lm, the displacement keeps increasing with increasing d n . For the r max = 28 MPa case, the displacement at the loading point always keeps increasing with increasing d n . Because the increase in d n implies that the interface becomes soft, its stiffness should decrease. Therefore, the displacement at the loading point should become larger. With this in mind, setting r max to 28 MPa is more reasonable.
Bilinear CZM
The simulation results obtained from the bilinear CZM indicate that the displacement at the loading point is not sensitive to the interface characteristic length parameter d max . This observation is similar to that of the exponential CZM, the only difference being that in using the bilinear CZM the numerical convergence is quite Fig. 9 . Load-displacement curves for the bilinear CZM. Fig. 9 shows the calculated results of the load-displacement curves at the loading point, together with the experimental curve. The symbols in Fig. 9 , for example ''B24MPa," signify that the loaddisplacement curve is obtained with the Bilinear CZM setting r max = 24 MPa, and so on. Again, as the cohesive strength increases, the calculated curves approach the experimental curve. For the two cases of r max = 24 and 26 MPa, most segments of the calculated curves are already close to the experimental curve; only when near the fracture load does the curves depart from it, representing the propagation process along the interface, which is observable from the deformation contour plot of the specimens during the simulations. For the r max = 28 MPa case, the calculated curve remains nearly straight during the entire loading process until the interface completely fractures, and the entire curve is largely consistent with the experimental curve. From Table 1 and Fig. 9 , it is again seen that r max = 28 MPa provides more accurate predictions of the displacements at loading point when using the bilinear CZM. Furthermore, no cracking can propagate from the free edge of the interface when r max is set to be larger than 28 MPa, under the condition of a fracture load of 1.576 N. Fig. 10 , for example ''T22MPa," signify that the load-displacement curve is obtained with the trapezoidal CZM setting of r max = 22 MPa, and so on. The figures indicate that the calculated curves approach the experimental curve as the cohesive strength increases. Putting r max = 25 MPa, the calculated curve remains nearly straight during the entire loading process until the interface completely fractures, and the entire curve becomes more consistent with the experimental curve. Furthermore, no cracking can propagate along the interface when r max is set to be larger than 25 MPa, under the condition of a fracture load of 1.576 N. Fig. 11 collects the results of the load-displacement curves obtained from all of the above CZM simulations. For the three types of CZMs, the same tendency appears in that the calculated curves better match the experimental curve when increasing the cohesive strength. For the exponential and bilinear CZMs, setting the cohesive strength to 28 MPa gives the best predictions. For the trapezoidal CZM, the proper choice is r max = 25 MPa. It is seen that the calculated curves from the bilinear CZM agree comparatively well with the experimental curve for the entire cracking process, from initiation to propagation along the interface. Furthermore, it is seen from Table 1 that the error of the calculated displacements at the loading point relative to the experimental value are smallest from the bilinear CZM among the three CZMs. Based on the above points, the bilinear CZM is arguably more suitable than the other two CZMs in characterizing this interfacial delamination. Fig. 12(a) shows the distributions of the normal tractions along the entire Cr/PZT interface for the three CZMs at the moment of crack initiation, where the abscissa is the relative distance along the interface normalized by the length of the interface. It is seen that, with increasing cohesive strength, the length of the interface region that is already fractured becomes shorter, and the crack length from the bilinear CZM is the longest among the three CZMs for the same cohesive strength. Moreover, the normal tractions along the fractured region for the bilinear CZM are nearly zero, while that for the trapezoidal and exponential CZMs are not. Judging from these points, the bilinear CZM is again more appropriate in describing this interfacial delamination. Recalling the experimental evidence of this delamination process observed in the sandwiched cantilever tests, we argue that the bilinear CZM is more suitable in modeling the brittle fracture process. It is worth mentioning here one recent study by Yamakov et al. (2006) , in which molecular dynamics simulations of intergranular fracture processes in aluminum were developed. Their work justified the use of a trapezoidal type of CZM law for elasto-plastic fracture and a bilinear CZM law for brittle fracture, a result which agrees with the conclusions of our study. Fig. 12(b) shows the distributions of the normal displacements (interfacial separation) along the Cr/PZT interface for the three CZMs when cracks start. Because the sandwiched-cantilever specimens are subjected to bending conditions during tests, the normal component of the interface displacement is dominant. It is seen that, by increasing the cohesive strength for a given CZM, the interfacial normal displacement decreases and the crack length shortens as well. For the exponential CZM, the crack length is minute at r max = 28 MPa, whereas as r max reaches 24 MPa, nearly 40% of the entire interface region has already fractured. In contrast with the exponential CZM, more that 80% of the interface region in the bilinear CZM has fractured for all values of the cohesive strengths. These comparisons validate again the reasoning behind adopting the bilinear CZM. Table 1 summarizes the calculated displacements at the loading point for all three CZM simulations, together with the measured displacements. It is apparent that the bilinear CZM coupled with the 5th set of parameters produce the best predictions, with a relative error of about 3%, when compared to those from experiment.
Comparisons of the simulation results obtained from cohesive zone modeling
Based on the above results, it can be concluded that the bilinear CZM is more appropriate in studying delamination along the Cr/PZT interface in these piezoelectric thin films. The corresponding CZM parameters for the Cr/PZT interface have thus been extracted, specifically, the interface characteristic length, d max = 0.0015 lm; cohesive strength, r max = 28 MPa; work of normal separation, / n = 0.14 J/m 2 ; and work of tangential separation, / t = 0.28 J/m 2 .
Verification of CZM parameters
All of the above simulations were carried out for the D2 specimen, and therefore, the derived CZM parameters reflect only the influence of geometry and loading conditions of the D2 specimen. Other tested specimens, such as the D1 and D3 specimens, are made of the same material and their fracture features are Fig. 11 . Comparisons of the load-displacement curves from the three CZMs to the experimental curve. Fig. 12 . Distributions of the normal tractions and the displacements along the Cr/ PZT interface.
also identical to those of the D2 specimen. Therefore, the CZM parameters obtained in our study can be easily verified by applying the same CZM parameters in the simulations of the D1 and D3 specimens, and then by verifying against experimental results. The results are displayed in Figs. 13 and 14, wherein the 5th set of parameters in Table 1 is used for both bilinear and exponential CZMs and the 4th set of parameters for the trapezoidal CZM. In Figs. 13 and 14 , the tendencies of all of the calculated curves for the D1 and D3 specimens are consistent with the experimental curve. Near the final fracture point, the calculated curves from the bilinear CZM best match the experimental curve. The relative errors of the calculated displacement at the loading point are relatively small, as also shown in Table 2 . The prediction value errors from the bilinear CZM are less than 4%, while those from the exponential CZM are relatively higher, thus verifying that these CZM parameters are reliable and can be used to predict the delamination process along the Cr/PZT interface of the piezoelectric thin films.
Bonding strength of the Cr/PZT interface
The cohesive strength and the work of separation for the Cr/PZT interface in the multilayered thin films are discussed in this section.
From the above simulations, the values of the characteristic parameters of the Cr/PZT interface are determined to be as follows:
cohesive strength, r max = 28 MPa; work of normal separation, / n = 0.14 J/m 2 ; and work of tangential separation, / t = 0.28 J/m 2 . It is well known that the rupture strength of bulk Cr material is about 80 MPa, and the bending strengths of typical ceramics are around several hundreds of MPa. By comparing the cohesive strength of 28 MPa of the Cr/PZT interface with these values, it can be stated that this interface is not strongly bonded. According to Freund and Suresh (2003) , the interface fracture toughness of thin films or coatings of millimeter thickness can be as low as 0.5 J/m 2 and higher than 300 J/m 2 , and typically weak interfaces have low fracture energies in the range of 1-10 J/m 2 . After a comprehensive review of some results of interfacial toughness mea- PZT interface in the Cr/PZT/PLT/Pt/Ti/Si film system investigated in this work has a relatively low bonding strength, and is a weak interface. In this multilayered thin film, the Cr layer is only 0.2 lm thick while the PZT layer is about 2.5 lm thick. The other three film layers are all thinner than the PZT layer, e.g., the PLT and Ti layers are about 20 nm thick. Therefore, it might be reasonable that the Cr/PZT interface here does have such a low fracture energy.
Conclusions
In this work, three types of cohesive zone models, together with finite element methods, were employed to simulate the fracture process along the Cr/PZT interface in thin films. The simulation results reveal that, for the exponential, trapezoidal, and bilinear CZMs, cohesive strength and work of separation are the dominant parameters, and the interface characteristic length parameter is less important. Through calibration with the experimental results, the bilinear CZM was found to be more suitable than the other two CZMs in describing Cr/PZT interfacial delamination. The characteristic values of its cohesive strength and work of separation were found to be 28 MPa and 0.14 J/m 2 , respectively. These results show that the critical interfacial stress for crack initiation is apparently lower than the rupture strength of bulk PZT or Cr. By comparing the fracture energies of typical films or coating materials of several millimeter thicknesses, the fracture energy of this Cr/PZT interface is also quite low. It is thus confirmed that the examined Cr/PZT interface is weakly bonded and its fracture process is characterized as brittle. Our study demonstrated the applicability of the cohesive zone model in characterizing the interface fracture behavior of micro-thick film materials. 
